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Introduction: Crystallization of major silicate and 
oxide phases from basaltic melts produces late-stage 
liquids whose chemical compositions differ from the 
initial melt. These chemically evolved liquids crystal-
lize phases in the interstitial mesostasis regions in lu-
nar basaltic rocks. Enrichment of incompatible ele-
ments, including volatiles such as OH, F, Cl, is charac-
teristic of these late-stage liquids and encourages 
growth of accessory phases including apatite 
[Ca5(PO4)2(F,Cl,OH)]. Apatite is the main volatile 
bearing crystalline phase in lunar rocks. It starts crys-
tallizing after ~ 95 % melt solidification in typical 
mare basalts [1], but could crystallize earlier, after ~ 85 
- 90 % solidification in KREEP basalts. Using the OH 
contents of apatites, several researchers have calculat-
ed water contents for parental magmas. These calculat-
ed parental magma water contents can then be used to 
estimate a range of values for water in the mantle 
source regions of mare basalts [e.g., 2 - 6]. Therefore, a 
better characterization of the mesostasis areas, and of 
the melts in which apatite forms, is paramount to gain 
further insights and constraints on water in the lunar 
interior, especially because important parameters such 
as partitioning of volatiles between late-stage melts 
and apatite remain poorly constrained. 
In this study, we have focused on the analysis of 
mesostasis regions from four Apollo mare basalts 
(10044, 12064, 15058, and 70035). These analyses are 
compared to data on mesostasis regions of two lunar 
basaltic meteorites (MIL 05035; LAP 02205) [7 - 9] to 
gain insight into inter-sample variability. We also re-
port results from apatite solubility modelling [10, 11] 
and modelling of crystallization of different basaltic 
melts performed using the MELTS [12] and SPICEs 
[13] software. The aim is to provide an accurate com-
position for bulk melt from which apatite is expected 
to crystallize. MELTS is a rigorous thermodynamic 
model of crystal-liquid equilibria calibrated from ex-
perimentally derived data for specific compositional 
dependences, temperature, pressure and fO2. SPICEs is 
a recently developed program utilizing previous mod-
els of lunar magma fractional and equilibrium crystal-
lization [13]. 
Samples and Methods: The samples from this 
study are all mare basalts, and their mineralogy and 
petrology are reported in a companion abstract [14]. 
Each sample contains multiple regions of mesostasis. 
For this study, only those mesostasis regions with a 
wide variety of representative phases were chosen. 
Figure 1: BSE image of a mesostasis region in 12064 (the 
thin dashed curve outlines the extent of the mesostasis). The 
main phases in the region are plagioclase (plg.), ilmenite 
(ilm.), pyroxene (pyro.), silica, fayalite (fay.), apatite and K-
feldspar glass. 
 
Quantitative phase analysis was carried out using 
the Cameca SX 100 electron microprobe at the Open 
University. An accelerating voltage of 20 kV, nominal 
probe current of 20 nA and a beam size of 1 - 10 µm 
were used. Apatite data were taken from [4]. Modal 
mineral and quench glass abundances were calculated 
using the ImageJ
®
 software.  
Modelling Methods: Bulk compositions serving as 
input for MELTS models in this study were taken from 
[15] and fractionally crystallized at a fO2 of IW -2, 
1000 bars and using liquidus temperatures calculated 
by MELTS. The melt was crystallized until a mesosta-
sis composition was obtained, confirmed by the phases 
present. Conditions of each SPICEs run were kept sim-
ilar to those used in the MELTS application to com-
pare and contrast the viability of each model for lunar 
applications.  
Results: Mesostasis phases crystallize between 
pre-existing grains. EPMA transects across mesostasis 
boundaries show distinct compositional differences in 
feldspar SiO2 and Al2O3 contents between grains firm-
ly in and out of regions (Fig. 1). Furthermore, a gradu-
al transition between these two end-member composi-
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tions indicates diffusion into these grains from the 
mesostasis melt. This creates added complexity in con-
firming the already subjective boundaries of mesosta-
sis regions. Similar compositional differences for SiO2, 
MgO, and FeO content in pyroxenes in and out of 
mesostasis regions were also observed.  
 
 10044 12064 15058 70035 
SiO2 78.27 67.86 66.38 68.76 
TiO2 1.09 2.92 2.47 5.63 
Al2O3 9.43 6.01 12.14 9.78 
FeO 4.94 11.11 8.54 7.01 
MnO 0.07 0.12 0.07 0.09 
MgO 0.30 0.30 0.49 1.32 
CaO 5.59 7.30 5.94 5.79 
Na2O 0.66 0.21 0.42 0.75 
K2O 0.14 1.42 2.15 0.15 
P2O5 0.01 2.06 0.04 - 
Total 100.51 99.31 99.44 99.30 
Table 1: Bulk compositions of mesostasis regions in Apollo 
samples based on EPMA data and modal abundances for the 
most representative area in each sample. All values are in 
wt.%. 
  
The bulk mesostasis compositions recalculated 
from modal abundances and mineral chemistry (Table 
1), and results of MELTS and SPICEs modelling are 
generally in good agreement. Differences between 
Al2O3, TiO2, FeO and P2O5 were found between the 
sample and modeling methods. The Al2O3 and FeO 
differences can be explained by varying amounts of 
plagioclase and fayalite in the natural samples, which 
the models assume to be main phases in the mesostasis 
areas. As this study was interested in areas were apatite 
forms there is a bias in the sample results which re-
flects higher P2O5 contents. TiO2 results between all 
three methods (sample, MELTS, SPICEs) were varied 
with very little systematic trends between low-Ti bas-
alts and high-Ti basalts. Final compositions were com-
pared to lunar granite data [16]. 
Discussion: Lunar granites contain higher average 
Na2O and K2O compared to the re-calculated mesosta-
sis bulk-composition in this study. The bulk composi-
tions of Apollo sample and lunar granite melts howev-
er were comparable for other oxides, confirming that 
late-stage melts evolved from extensive crystallization 
of mare magmas are highly silicic and compositionally 
similar to lunar granites.  
It has been shown that phosphate saturation is de-
pendent on temperature and liquid composition [10, 
11]. Mesostasis SiO2 compositions taken from Apollo 
samples together with MELTS and SPICEs modeling 
were input into calculations from [10] and [11]. These 
show that for average P2O5 values measured from 
Apollo samples [4] optimum values of 5 wt.% CaO 
and 72 wt.% SiO2 are required to induce phosphate 
saturation. Reducing SiO2 concentrations increases the 
amount of P2O5 required to reach phosphate saturation 
while increasing CaO decreases it. 
MELTS is a program developed for terrestrial sys-
tems and was unable to fractionally crystallize down to 
mesostasis melt compositions without the presence of 
H2O. For one sample (12064) up to 2 wt.% H2O had to 
be added for the system to work. SPICEs, however, is 
specifically designed for lunar systems. Anhydrous 
bulk compositions were able to fractionate in this 
model, however, the fractionation here is relatively 
simple. It is therefore suggested that future melt mod-
elling studies on lunar samples should be preferentially 
carried out in SPICEs to minimize uncertainties.  
Further Work: The primary purpose for this in-
vestigation was to determine a natural lunar composi-
tion in which apatite would form. Previous investiga-
tions of apatite-melt partitioning have been performed 
using basaltic bulk-compositions [17-18]. As apatite is 
an accessory phase found in mesostasis regions it may 
be unrealistic to expect apatite to form from a basaltic 
composition, a conclusion supported by the results of 
this study. Average mesostasis composition taken from 
this work will be used as a starting composition for 
work on lunar apatite-melt volatile partitioning exper-
iments.  
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